Cytostatic factor inactivation is induced by a calcium-dependent mechanism present until the second cell cycle in fertilized but not in parthenogenetically activated mouse eggs by Zernicka-Goetz, Magdalena et al.
 INTRO
Ovulat
metaphase (metaphase II), until fertilization or partheno-
genetic activation. Meiotic arrest is maintained by an activity
called cytostatic factor (CSF; for review see Masui, 1991).
CSF was first discovered in frog eggs by transferring
cytoplasm from metaphase II arrested oocytes to one blas-
tomere at the 2-cell stage leading to an M-phase arrest of the
injected blastomere while the non-injected blastomere
continued to cleave (Masui and Markert, 1971). In the mouse
oocyte, fusion experiments were used to demonstrate the
presence of an activity similar to CSF (Kubiak et al., 1993).
To maintain the M-phase arrest, CSF prevents the inactivation
of the M-phase promoting factor (MPF; Masui and Markert,
1971). MPF is an heterodimer of cdc2 kinase and cyclin B that
is required for the resumption of meiotic maturation and pro-
gression through meiosis to metaphase II (for review see
Norbury and Nurse, 1992). At the exit from M-phase, cyclin
degradation leads to MPF inactivation. In the mouse oocyte,
the metaphase II arrest can be maintained for several hours
urin dation
ycli his eq
briu by C
(Kubiak et al., 1993). Three protein kinases have been sho
to be involved in CSF activity, the product of the pro
oncogene c-mos (Sagata et al., 1989), cdk2 (Gabrielli et 
1993) and MAP kinase (Haccard et al., 1993). The nature
the molecular interactions between CSF and MPF are s
unclear, although it has been shown that cyclin degradation
prevented in cell-free extracts from Xenopus oocytes conta
ing CSF. One of the most striking properties of CSF is tha
is degraded after MPF (Lorca et al., 1991; Watanabe et 
1991; Weber et al., 1991). This observation seems to be
contradiction with the definition given originally by Ma
(1991), where CSF was defined as an activity that should
destroyed to allow MPF destruction. However, our recent d
(Kubiak et al., 1993) suggest that CSF acts more like
reversible enzymatic inhibitor, decreasing the efficiency of 
cyclin degradation machinery either by modifying cyclin a
making its degradation more difficult or by inhibiting direc
the cyclin degradation enzyme. This inhibitory effect wo
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ed mouse oocytes remain arrested at the second meiotic
d
c
li
atic factor (CSF) is an activity responsible for the
hase II arrest in vertebrate oocytes. This activity
ins a high level of maturation promoting factor
 in the oocyte and both activities are destroyed after
ation or parthenogenetic activation. To study some
characteristics of the mechanism involved in MPF
SF destruction, we constructed hybrid cells between
hase II arrested oocytes and early embryos obtained
ertilization or artificial activation. We found that the
or of hybrid cells differed depending upon the type
yte activation. Initially, the reaction of both types of
 cells was similar, the nuclear envelope broke down
romatin condensation was induced. However, while
hase II oocytes fused with parthenogenetic eggs
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clin degradation machinery. Finally, CSF destruction
ms to be possible in interphase at the time of pronu-
mation (Kubiak, 1989; Zernicka-Goetz, 1991). The
on of MPF and CSF at fertilization takes place
g a release of calcium from intracellular stores and
 the calmodulin dependent protein kinase II (Lorca et
). In mouse oocytes, fertilization triggers a series of
spikes lasting several (3-4) hours (Cuthbertson et al.,
line and Kline, 1992). Parthenogenetic activation, via
y of stimuli (for review see Kaufman, 1983), also
an increase in intracellular calcium concentration
rtson et al., 1981; Cuthbertson and Cobbold, 1985;
nd Kline, 1992; Vincent et al., 1992). With most
genetic stimuli, however, there is only a single
transient rather than the series of spikes observed
rm entry (for example see Winston et al., 1994). The
Experimental variants
Metaphase II oocytes were fused with: 
(a) early 1-cell fertilized eggs (21-24 hours post hCG) in G1/S;
(b) late 1-cell fertilized eggs (27-29 hours post hCG) in G2;
(c) early 2-cell embryos (34-36 hours post hCG) in G1/S;
(d) late 2-cell embryos (46 hours post hCG) in G2;
(e) late 1-cell haploid parthenogenetically activated eggs (12-14
hours after activation) in G2;
(f) late 1-cell diploid parthenogenetically activated eggs (12-14
hours after activation) in G2;
(g) metaphase II oocytes.
Chelation of intracellular calcium
Intracellular calcium was chelated by incubation of eggs immediately
after PEG treatment with 10 µM 5,5-dimethyl-BAPTA-AM
(Molecular Probes), which after entering the cell is hydrolysed to
BAPTA and buffers elevations of intracellular calcium without
changing the basal level (Kline and Kline, 1992). This concentration
of BAPTA blocks calcium transients effectively without affecting
. Zernicka-Goetz and otherse timings of inactivation of MPF (as measured by H1
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rtivity) and CSF (as measured by c-mos destruction)
r (Weber et al., 1991) regardless of whether there is
or a series of calcium spikes. MPF activity reappears
ch mitotic M-phase, but it is not blocked by CSF,
characteristic for meiosis in vertebrates. To study
he characteristics of the mechanism involved in MPF
destruction, we fused metaphase II arrested oocytes
 embryos obtained after fertilization or artificial acti-
d followed the fate of CSF activity in these hybrid
ALS AND METHODS
n and culture of oocytes and embryos
xC57Bl/10) female mice were superovulated by injections
 pregnant mare’s serum gonadotrophin (PMSG, Intervet)
of human chorionic gonadotrophin (hCG, Intervet) 48-52
t. Metaphase II oocytes were collected 13-14 hours after
tion. Fertilized 1- and 2-cell embryos were obtained from
ales between 21 and 44 hours after hCG. All oocytes and
ere collected and cultured in M2 medium supplemented
/ml BSA (Whittingham, 1971) under paraffin oil at 37°C.
cells were removed by treatment with 300 units
embryo viability (Winston et al., 1995).
Examination of hybrid cells
The hybrid cells were examined for signs of fusion every 10-15
minutes during the first hour after PEG treatment and every hour
during the following 3-6 hours of culture. Hybrid cells that lysed
(15%) after exposure to PEG were discarded. Fused and unfused cell
pairs, as well as control embryos, were cultured for different times
varying from 3 to 24 hours after PEG treatment. Cytological studies
were carried out using whole-mount preparations stained with hema-
toxylin (Tarkowski, 1966). In addition, the microtubules and nuclei
were observed by immunofluorescence. The fixation and labelling of
oocytes were performed as described previously (Maro et al., 1984),
and for tubulin staining we used the rat monoclonal antibody YL1/2
specific for tyrosinated tubulin and a fluorescein-conjugated anti-rat
secondary antibody (Miles). The chromatin was stained with
propidium iodide (5 µg/ml; Molecular Probes). Samples were
observed using a Bio-Rad MRC-600 laser scanning confocal micro-
scope.
RESULTS
To perform our studies, we needed a fusion method that did
not itself induce oocyte activation and provided large numbers
of hybrids. These requirements led us to use the polyethylenease/ml of phosphate-buffered saline (PBS) and the zona
ith 0.5% pronase (Sigma) in PBS.
genetic activation
 II oocytes (17-18 hours after hCG) were treated with 8%
erck) in M2 medium for 8 minutes at room temperature
on, 1983) and then washed carefully. The activated
ere cultured for the next 12-14 hours before they were
usion. The majority of artificially activated eggs were
ut diploid parthenogenetically activated eggs were also
 II oocytes were agglutinated with different experimental
 phytohaemagglutinin (PHA; Sigma) diluted in M2 without
 final concentration of 300 µg/ml for 5 minutes on 1%
 37°C. The cell pairs (or trios in the case of 2-cell embryos),
 exposed to a 45% solution of polyethylene glycol (PEG,
mass: 2000, Fluka) in BSA-free M2 for 60-70 seconds to
ion. Then, the cells were washed carefully in M2 + BSA,
ed further at 37°C.
glycol method (Spindle, 1981) instead of the electrofusion
technique used in our previous study (Kubiak et al., 1993). To
exclude the possibility that the fusion procedure itself induced
oocyte activation we fused metaphase II-arrested oocytes with
each other, and found that only 15% (4/27) of hybrid cells
were activated after 24 hours of culture (Table 1, line 1 and
Fig. 1A). Using this method, we then examined the fate of
metaphase II oocytes fused with late 1-cell parthenogeneti-
cally activated eggs in the G2 phase (12-14 hours after ethanol
treatment). The majority of hybrids that formed arrested in M-
phase for at least 24 hours. In total, 88% (36/41) of these
hybrid cells remained blocked in M-phase until the end of
culture (Table 1, line 2 and Fig. 1B) and most of them (70%)
contained one common metaphase spindle. Since control
parthenogenetic eggs (treated with PEG) underwent the first
cleavage division (Fig. 1C), the metaphase arrest of hybrids
containing a parthenogenetic component could not be due to
the inability of parthenogenotes to cleave under our culture
conditions.
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Oocyt
fertiliz
For fus
fertilize
in whi
breakd
tion ofFig. 1. Morphology of hybrids obtained after fusion
of: (A) two fused metaphase II oocytes - hybrid
arrested in M-phase, observed 24 hours after fusion.
(B) A metaphase II oocyte fused with an haploid
parthenogenetic egg - hybrid arrested in M-phase,
observed 24 hours after fusion. (C) Two fusede activation is induced after fusion with
ed eggs
ion of metaphase II oocytes with late zygotes, we used
d eggs with a visible nuclei, selected from a population
ch some had already undergone nuclear envelope
own (NEBD) naturally. This indicated that the popula-
 fertilized eggs had reached the G2 phase of the first
mitotic cycle (27-29 hours after hCG). 10-15 minutes after
fusion with metaphase II oocytes, the nuclear envelope of the
fertilized egg pronuclei broke down in all hybrid cells
(126/126). However, most (77%) of these hybrids did not
remain in metaphase (Table 1, line 5) and by 2 hours after
fusion, activated hybrid cells were in anaphase/telophase (Fig.
1D-F). Those hybrids which did not activate were still arrested
haploid parthenogenetic eggs - hybrid in interphase
after cleavage, observed 24 hours after fusion.
(D-F) Metaphase II oocytes fused with late fertilized
eggs - hybrids going out of M-phase into
anaphase/telophase, observed 2-3 hours after fusion.
(G) Metaphase II oocyte fused with a late fertilized
egg - hybrid arrested in M-phase, observed 24 hours
after fusion. (H) Metaphase II oocyte fused with a
late fertilized egg - hybrid in interphase with two
nuclei (one out of focus), observed 5 hours after
fusion. Bar, 25 µm. 
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Table 1. Proportion of M-phase arrested hybrids un
various experimental conditions
M-phase Total 
arrested number 
Metaphase II oocyte fused with hybrids of hybrids A
1 Metaphase II 23 27
2 Haploid parthenogenetic eggs 36 41
3 Diploid parthenogenetic eggs 22 22
4 Early zygotes 11 39
5 Late zygotes 29 126
6 Early 2-cell embryos 20 45
7 Late 2-cell embryos 54 62
8 Zygotes − BAPTA 6 17
9 Zygotes + BAPTA 14 14
10 Early 2-cell embryos − BAPTA 2 14
11 Early 2-cell embryos + BAPTA 21 25
Table 2. Morphology of the activated hybrids formed
metaphase II oocytes and late fertilized eggs observ
5-6 hours after fusion
Probable configu
of the spindle
Morphology of the hybrids in the hybrid
Number of Number Number % of Number N
polar bodies of nuclei of hybrids hybrids peripheral c
0 2 13 24 0
0 4 8 15 0
1 1 7* 13 1
1 3 17 32 1
2 2 7 13 2
2 1 2 3 2
*Two of these had a large polar body. and
reaction of hybrids was dependent upon the nuclear-cytoplas-
mic ratio (Table 1, line 3).
Calcium chelation prevents oocyte activation after
fusion with fertilized eggs
The activation of murine oocytes is normally caused by an
increase in intracellular calcium concentration within the
oocyte (Cuthbertson et al., 1981). We therefore examined
whether the same mechanism was responsible for the activa-
tion of metaphase II oocytes fused with fertilized eggs.
Chelation of intracellular calcium with the calcium chelator
BAPTA-AM, immediately after fusion, prevented the fertilized
egg inducing the activation of the metaphase II partner in all
hybrid cells tested (14/14), whilst the control hybrid cells
cultured in the absence of the inhibitor underwent activation
(11/17; Table 1, lines 8-9). We confirmed also that BAPTA
had no effect on the progression of mitosis by incubating late
fertilized eggs with BAPTA-AM. This treatment did not inhibit
der
% 
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8449%)
 (Fig. 1G). The phenotypes of activated hybrids
d 5 to 6 hours after fusion varied greatly with respect
umber of polar bodies extruded and the number of
ithin the hybrids (Table 2 and Fig. 1H). This diversity
y reflected the number and position of the spindles
in the hybrids after fusion (Table 2). There is a clear
y for the two separate spindles, present immediately
sion in the hybrid cells, to move centrally and fuse as
n described for oocytes undergoing the first meiotic
 in the presence of cytochalasin D (Kubiak et al.,
When the spindles are located centrally, the hybrids
iled to divide after activation, as observed previously
henogenetically activated oocytes (Kaufman, 1983;
t al., 1986).
 activation is not dependent upon the
r-cytoplasmic ratio of the hybrids
rmine whether the difference in hybrid cell behavior
endent upon the amount of nuclear material entering
aphase II oocyte cytoplasm (diploid (2C) from fertil-
gs versus haploid (1C) from parthenogenetically
d oocytes), we produced hybrid cells in which
ase II oocytes were fused with diploid parthenogeneti-
NEBD, karyokinesis or cytokinesis (data not shown). These
observations demonstrate the involvement of calcium in the
triggering of oocyte activation by fertilized eggs.
The ability of fertilized embryos to induce oocyte
activation disappears with time
To determine the period during which the ability to destroy
CSF is present, we fused metaphase II oocytes with embryos
at various stages. When early zygotes (21-24 hours after hCG)
were fused with metaphase II oocytes, most of them activated
(72%; Table 1, line 4) confirming that this ability is indeed
present in zygotes a few hours after fertilization. When we
fused early 2-cell stage embryos in G1/S of the second
embryonic cycle with metaphase II oocytes, 56% of the
hybrids activated (Table 1, line 6). The exit from M-phase
induced by early 2-cell embryos was also dependent upon
calcium release since BAPTA-AM inhibited this transition in
84% of the hybrids (Table 1, lines 10-11). The incidence of
activation was reduced further when late 2-cell stage embryos
in G2 of the second embryonic cycle were used. Only 13% of
these hybrid cells activated (Table 1, line 7). To maintain the
same volume of cytoplasm in all experimental hybrid cells,
both blastomeres of the 2-cell embryo were fused with the
metaphase II oocyte. Thus, the ability to destroy CSF is present2/22)
ferent throughout the first cell cycle, still present in early 2-cell
embryos and lost in late 2-cell embryos. 
DISCUSSION
The results presented here demonstrate that fertilized eggs, but
not parthenogenetically activated oocytes, are able to induce
the destruction of the MPF and CSF activities found in
metaphase II arrested mouse oocytes. Since this ability is not
due to the double amount of chromatin present in fertilized
eggs, as shown by the fact that hybrids made up of metaphase
II oocytes and diploid parthenogenetically activated eggs arrest
in M-phase, it must be linked to fertilization and thus comes
from the sperm. We observed also that this ability to destroy
MPF and CSF activities, present in fertilized 1-cell and early
2-cell stage embryos, is lost in late 2-cell stage embryos. This
suggests that the inactivation of this mechanism is not linked
to the passage through a mitotic M-phase. Finally, this ability
 from
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ndent upon calcium release, like in the normal situation
lization, since it can be blocked by BAPTA-AM.
 well known that in mammals the sperm activates the
 by inducing multiple intracellular free calcium transients
ilization (Cuthbertson et al., 1981; Cuthbertson and
ld, 1985; Kline and Kline, 1992). The effect of calcium
nts on MPF and CSF destruction is still unclear. It is
 that, in Xenopus oocytes, the calcium peak at fertiliza-
tivates transiently the calmodulin dependent protein
II which itself, through unknown mechanisms, activates
lin degradation machinery (Lorca et al., 1993). This acti-
of the cyclin degradation machinery is also short-lived,
onstrated in mouse oocytes (Winston et al., 1994). The
component of CSF, the c-mos gene product, is degraded
MPF has already been inactivated in both activated
s and mouse eggs (Lorca et al., 1991; Watanabe et al.,
Weber et al., 1991), by a mechanism involving the
in dependent pathway (Ishida et al., 1993).
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